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Ex ch.ons i n quant um wel l s (QW s) have r ecei ved
much at t ent ion in r ecent. year s. T hi s i s because in -

vest i gat ions of ex ci t or- t r an si t ions provi de val uable

infor m at ion for bet t er under st anding of QW physi cs,
and t her e ex i st s a lar ge p ot ent ial for u t i l i zing en-

ha tr ed ex ci t or* m eet s in QW s for pr act i cal dev i ce
appl i cat ions- T he pr oper t i es of ex ci t ors in QW s de-

pend gr eat l y on t he det ai l s of QW st r uct ur e su ch
as wel l com posi t i on and t hi ck ness, and su ch depert-

den t e needs t-O b e t hor oughly under st ood for any

pr act i cal appl i cat ions of ex ci t ors . h t his pap er , we
present t he resul t-S of our i nvest igat ions in whi ch ex -
d ton i c t r ansi t-ion s in C01n pressive1y st r ained I n GaA s

mul t iple QW s on h P ar e st u died by absorp t i on a d
phot olum inescen ce ( PL ) m easur em ent s- Spa in ed ly,
quant i t at i ve exch on par aft- t er s su ch as t r an si t i on
ener gies- exci t ort bi nding ener gies and radii ar e est i -

m ated f ron t ab sorp t i on nteasc em ent s- Com par i son

is m ade bet ween st r ained and lat t i ce- -a ched QW s.
Fr ont PL m easurem ent s, lum inescence char act er i s-

t i cs ar e qual i t at i vely an aly zed as a fun ct i on of wel l
t hi ck ness an d t em per a - e.

E x p er i m en t s

T he st r ained m d u ple QH 7s invest i gat ed wer e
grown by sol i d-sour ce m ol ecular bean1 epi t axy

(M B E ) on sem i -insul at ing (O01) InP waf¤ s. U t i -

l i n t- t wo separ at e gam m a cel l s, wel l s an d b ar r ier s
of di gerent- coxnposi t ions wer e grown wi t h ou t any

grow t h int er r up t i on - D et ai l s of M B E gr ow t h can
be fom d el sew her e Ì . T hr ee sam pl es w i t h fou
st r ained m ul t i ple QH 7s wer e gr own un der t he sam e

grow t h condi t ion on t-he sa n e day. A s can be seen i n
F i gur e 19 t he sanu des have t-h e i dent i cal p -i -n st r uc-

t ur e except for t he diHer a tt wel l t h i ck nesses of 2.5,
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F ig- e 1: L ayer St r u ct u res for St r ained M QW s

5.0 and 7.5 nm for Sa nd e A , B , and C , respec-
t i vel . P -i -n st r uct ur e was used because i t i s the

devi ce st r uct ur e for m odu lat or and laser diode ap-
p l i cat ions, an d t he bun t -in 6d d in such st r uct ur e

was ex pect ed t o enhan ce t he si gnal level s for PL an d

photom o dulat ed t r a tsm i ssi on m easur em ent s- T he
1ayer com p osi t i on a d t h i ckness wer e accu rat el y de-
t er m ined fr om doub le-cr y st al x -r ay diHr act ion m ea-

sur enter-t s a d six--®nat i on s- T he wen com p osi t ion
i s h on g Gao-348A s, cor r esp on ding t o 0.83 % t om -
pr essive st r ain . A u t he st r ain ed l ayer s ar e bel i eved

free of m aj or st r ain r el ax at ions as evi den ced by
disl ocat i on-fr ee s- face m or phd ogy, sharp sat-el l i t e

pe× S obser ved in t he doub le-cr y st al x -r ay m easur e-

ntent s, and nar r ow and st r on g 1ow-t em per at ure P L

peak s ¼ .

Tr a tsm issi on Xt-eas- em ent s were p er for m ed at.
r oom t em p er at ur e (RT ) u t i l izin g a t ungst en lam p ®
a 02 75 m sind e n t- ® m onochr om a -- , a P b S det-ec-
tom - and a lo ck -i n u npun - - Sin ce In P sub st r at es ar e
t ra nspar ent; t o t he wavelengt h of in t-er-est . a si m ple-
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Figure 2: Absorpt ion Spect ra Figure 3: Absorpt ion and PM T Spect ra

nor m al incidence t r ansm i ssion geom et r y was used.
T he r esul t-S front t he 1n eamar a n - -t wer e cor r ect ed for
any ex t r insi c eHect s by sub t r act in g t he back ground
signals obt ained in t he sam e m easur em ent Cord e --
rat ion wi t hou t a sanude- To enhance t he signal -t o-

uoise r at io for Saxnple A and B , t wo p ieces of wafer s

ar e st acked t oget her for t he m easu rem ent - enhancing
t he eHed i ve t otal wel l t h ickness- Phot ou n dulate d
t r ansm ission (PM T ) t echnique was also per for m ed
in which t-IRe t r ansm i ssion m odulat ion cr eat ed by t he

chopped ex t ernal laser ex ci t at ion pr odu ces si gn- s
t-hat ar e der i vat i ve of t r an sm i ssion spect r a. D et ai l s

of our ab sor p t ion and P M T m easur em ent s can be
found el sew her e Ò . For P L m easur em ent s, an A r
laser , a 0.5 m single-pat h m onoch rom a - - a Pb S de-

l ect or ® and a l ock -in am M iner wer e used . T he Sam -

ple t em p er at ure was var ied fr om 10 K t o RT in a
cr yost at. w i t h a H e r efr i ger at or and a heat er . T he

est im at ed laser ex ci t at i on l evel i s r oughly 1 W h ap -

R esu l t s an d D i scu ssi o n s

F igure 2 shows RT absor pt ion spect r a of t hr ee
sam ples- A bsor pt ion spect r a wer e conver t ed fr om
t he t ransm ission dat a using known QW t h icknesses

and m at er ial par am et er s- Cl ear ex ci t oni c t r ansi t ions
are obser ved for e1-hh 1 (heavy b lo t- t o elect r on

n= 1) t-raf-si t-ions in a1l thr ee sam ples- Sa nd e A i s

obser ved t-O have double peak s at t he absor pt ion edge

bot h in t r an sm i ssion and P M T m easur em ent s- T h is
is bel ieved due too ver t i cal N ig er - u weUs) or l at er al
h l i ger - ± r egion s) non-uni form i t y in quant um con-

í ttenterH ener gies cau sed by a m onolayer Ruch -- i on
in wel l t h ickness. Since wel l s ar e ver y t h i n in Sam -

ple A . a sm al l Htach -- loft in wel l t h i ckness resul t-S

4 7 8

i n a c o n s i d e r a b l e R u c h ¤ t i o n i n t h e c o r m n e m e n t e n -

e r g y . T h e s e p a r a t i o n b e t w e e n t w o p e a k s a g r e e w e l l

w i t h t h e c a l c u - - l v a l u e f o r t h e c o n n n o n e t - t e n -

e r g y d i H e r e n c e i n w e l l s w h o s e t h i c k n e s s e s d i H e r b y

a m o n o l a y e r - F i g - e 3 s h o w s P M T a n d a b s o r p t i o n

s p e c t r a f o r S a m p l e C w i t h a s s i g n m e n t s f o r o b s e r v e d

p e a k s . F i v e t r a n s i t i o n s i n c l u d i n g p a r i t y - f o r b i d d e n

e L I d ¤ a n d e 2 - h h 1 t r a n s i t i o n s a r e o b s e r v e d . T r a n s i -

t i o n e n e r g i e s w e r e d e t e r m i n e d b a s e d o n P M T m e a -

s u r a n o u s - w h i c h , d u e t o t h e i r d e r i v a t i v e - l i k e s i g n a l s ,

c a n b e m o r e a c c u r a t e [ 3 ] . T r a n s i t i o n e n e r g i e s w e r e

a l s o c a l o d a t e d b y s o l v i n g t h e e n e r g y l e v e l s o f e l e c -

t r o n s a n d h o l e s i n G r o t e - b a r r i e r Q W s . T h e v a l u e s

o f b a n d - o f f s e t s b e t w e e n w e l l s a n d b a r r i e r s w e r e d e -

t e r m i n e d f r o m t h e 1nm¦ 1n¦ ½m omd¦ ®d*M lhú ed l s o l i d t h e o r y [H¹ï 4̧ð ]L . Fhh oÄ r Um¦¦ ih¦¦¦
1nmm1n ®. -

pM lU ik cd ih tu y$ , t h e b u l k e l e c t r o n a n d h o l e e H ea cd tu i± v e I t - a s s v a l -

u e s w i t h e n e r g y - d e p e n d e n t 1n t oÄ 1n. 1P - p a r a¾ lb , od lH ik cd ih t y c o r r e c -

t i o n f o r e l e c t r o n s w e r e u s e d . C o r r e c t i o n s d u e t o t h e

s t r a i n n o r t h e b o l t - i n e l e c t r i c H e l d w a s n o t c o n s i d -

e r e d . W i t h t h i s r e l a t i v e l y s i m p l e m o d e l , t h e c a l c u -

l a t e d v a l u e s a g r e e w e n w i t h t h e e x p e r i n t e n t - l y d e -

t e r m i n e d v a l u e s f o r t h e g r o u n d s t a t e t r a n s i t i o n s , b u t

t h e a g r e e n - n t i s n o t a s g o o d f o r t h e e x c i t e d s t a t e s .

T h i s i s p r o b a b l y d u e t o u n c e r t a i n t i e s i n t h e v a l u e s o f

d a t i v e m a s s e s a n d / o r b a n d o g - t s t h a t w e r e u s e d

f o r t h e c a l £ n a t i o n s - F r o n t t h e s e p a r a t i o n s o f e 1 - h h 1

a n d e 1 - l h 1 p e a k s ( f o r S a t - P I e A w i t h d o u b l e p e a k s ,

t h e m o r e d a r t i n g H p e a k a t t h e h i g h e r e n e r g y w a s

t a k e n a s t h e e l a t d p e a k f o r t h i s e s t i m a t i o n ) , t h e

v a l u e s o f h e a v y a n d U g h t h o l e s p l i t t i n g a r e e s t i m a t e d

t o b e 7 5 n 1 e V , 7 8 x n e V a n d 7 9 1 n e V f o r S a n x p l e A , B

a d C , r e s p e c t i v e l y . C o m p a r e d t o t h e s e , 7 2 n m w i d e

l a t t i c e - m a t c h e d h G a A s / h A 1 A s m u l t i p l e Q W s c h a r -

a c t e r i z e d i n t h e s a m e m a n n e r h a v e t h e s p l i t t i n g o f

o n l y 3 9 m e V .
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T o e s t i m a t e t h e e x c i t o r t p a r a m e t e r s , i n t e g r a t e d i n -

t e n d u e s o f e x c i t o r U c a b s o r p t i o n a r e H r s t e s t i m a t e d

f r o t t - t h e a r e a s o f G a u s s i a n c u r v e s H U e d t o t h e l o w e r

e n e r g y s i d e s o f e L I d - 1 t r a n s i t i o n s i n t h e a b s o r p t i o n

s p e c t r a - a s s h o w n i n F i g - e 2 . T w o s e p a r a t e G a s -

S I a n c u r v e s a r e u s e d f o r S a n o l e A . U s i n g t h e e x -

p r e s s i o n f o r t h e i n t e g r a t e d i n t e n s i t y , S , a s g i v e n i n

Ò , l t t e v a l u e o f e x c h o n r a d i u s , A e - - c a n b e d e t e r -

m i n e d - F u r t h e r m o r e - s o l v i n g i n a v a r i a t i o n . m a r t -

n e r t h e e q u a t i o n f o r e x c h o n b i n d i n g e n e r g y , E bh ¯ a s

a nh 1m¦ nm cdmtn¦ ibom n od f eq xÜ¦ cdd ih¦ tm¦ o¦m tn r a d i u s [ 6 ] , C b a n d i n - p l a n e r e -

d u c e d e l f - d i v e n t a s s - p , c a n b e e s t i n t a t e d - T a b l e 1

l i s t -S a l l t h e e s t i m a t e d v a l u e s f o r t h r e e s t r a i n e d m u l -

t i l d e Q W s a m p l e s a s w e l l a s f o r a r e f e r e n c e l a t t i c e -

m a t c h e d I n G a A s / I n A l A s m u l t i p l e Q W s a x¤p 1e c h a r -

a c t e r i z e d i n t h e s a n e n t a n n e r - I t i s c l e a r t h a t e 1 -

h h 1 e x c i t o r t s i n c o m p r e s s i v e l y s t r a i n e d Q W s h a v e

l o w e r b i n d i n g e n e r g i e s a n d l a r g e r r a d i i t h a n t h o s e

i n l a t t i c e - m a t c h e d Q W s . T h i s i s d u e t o t h e r e d u c -

t i o n i n t -h e v a l u e o f m o l a r - r e d u c e d e H e d i v e m a s s

c a u s e d b y t h e c o m p o s i t i o n a l c h a n g e a s w e l l a s c o m -

p r e s s 1V e s t r a i n . W i t h t h e s a m e w e l l c o n - p o s i t i o n , t h e

n a r r o w e r w e l l s h a v e e x c i t o r m o f l a r g e r e x c i t o r t b i n d -

l n g e n e r g i e s a n d s m a n e r r a d i i , a s e x p e c t e d f r o n t t h e

e n h a n c e d e x c i t o r t c o n n x t a t t o o -

W h i l e R T a b s o r p t i o n i s d o m i n a t e d b y t h e f r e e

e x c i t o n i c R E e d : , i t i s n o t t h e c a s e f o r R T l u m i n e s -

c e n e e - F i g u r e 4 s h o w s P L a n d a b s o r p t i o n s p e c t r a

o f t h r e e s a m p l e s t o g e t h e r . T h e a n p I n u d e s o f p e a k s

i n t h e H g t ¤ e a r e s c a l e d i n ² l i g e r - m a m o u n t s f o r a n

p a n e r c o m p a r i s o n - F o r S a x- - l e B a n d C , t h e P L

p e a k s a r e a t s l i g h t l y h i g h e r e n e r g i e s t h a n a b s o r p t i o n

p e a k s - T h e s e p a r a t i o n s b e t w e e n P L a n d a b s o r p -

t i o n p e a k s ( a b o u t 7 111e V f o r B , a d 5 m e V f o r Ì

a r e c l o s e t o t h e e x c h o n b i n d i n g e n e r g i e s e s t i m a t e d

a b o v e - T h i s i n d i c a t e s t h a t R T l u m i n e s c e n c e i s ² l a t u -

I t a t - l b y b a t u t o - - ®d r a t h e r t h a n e x c i t o r U c r e c o m -

l u n a t i o n - M o r e q u a n t i t a t i v e a n a l y s i s w i l l r e q u i r e a

d e t a i l e d l i n e - s h a p e G R i t - t -h a t i n c l u d e s b o t h e x c i -

t o n i c a n d h a n d - t o - h a n d r e c o m b i n a t i o n s ¹ . I n t -h e

c a s e o f S a m p l e A . a c a r e f u l e x a n t i n a t i o n r e v e a l s t h e r e

a r e t h r e e p e a k s ® t -W O o f w h i c h h a v e s l i g h t l y h i g h e r
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F i g - e 4 : A b so r p t i o n v s . P L

en er g i es t h a n c o r r e sp o n d i n g a b so r p t i o n p ea k s . T h i s

c m b e a g o n ex p l a i n e d b y r t o rt - u n i f o r m i t y i n q u a n -

t u m c o n a t t e r - - n t en e r g i e s . A 1t h o u g h P L w o u l d f a v o r

t h e p ea k a t t h e 1o w es t en e r g y , i t i s p r esen t l y n o t c l e a r

w h y a b so r p t i o n sp e c t r u f - - d o es n o t sh o w a n y t r a c e o f

t h i s p ea k .

P L m e a su r em en t s w er e d o n e a t v a r i o u s t em p er a -

t - es r a n g i n g f r o m 10 K t o R T SO t h a t l u m i n e scen ce

ch a r a c t e r i s t i c s c a n b e i n v est i g a t ed a s a f u n c t i o n o f

t em p er a t u r e - F i g - e 5 sh o w s t h e P L p ea k p o si t i o n s

fo r d i g a - - cr y o st a t t em p er a t u r e s. D a t a f o r Sa x- -

p l e B a d C a e v er t i c a l 1y sh i f t e d f o r m ea si e r c o n p

p a r i so t - - I n t er est i n g l y , d 1 t h r ee sa m p l es sh o w £ Ì

f e r en t t em p er a t u r e d ep en d en c e . F o r Sa m p l e C , t w o

c l ea r l y r eso b - - l e p ea k s a r e o b ser v ed u p t o 19 0 K .

A t l o w t em p er a t u r e , t h e l o w en er g y p ea k i s ²l a t u -

1ta n t b u t a s t em p er a t u r e i n cr ea se s t h e M g h en er g y

p ea k b e c o m es m o r e d o m i n a n t , a d a t a r o u n d 2 10 K

t h e l o w er en er g y p ea k g e t s co n ¤P I e t el y b u r i ed i n t h e

U g h en er g y p ea k . T h e sep a r a t i o n b e t w een t h ese t w o

p ea k s i s a b o u t 7 .5 m e V a t l o w t em p er a t u r e b u t d e-

cr ea se s t o 5 .5 m e V a t a r o u n d 1 0 0 K . T h e se o b se r v a -

t i o n s c a n b e ex p l a i n ed b y a ssi g n i n g t h e M g h en er g y

p ea k t o b a n d - t o - b a n d a n d t h e l o w er en er g y p e a k t o

ex c i t o n i c t r a n si t i o n . T h e sep a r a t i o n o f 5 .5 m e V i s

c o m p a r a b l e t o t h e ex c i t o - t b i n d i n g en er g y e st i m a t ed
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F i g- e 5: PL Peak s vs. T em per at ur e

ear l i er . A t low t em per at ur e, t he b inding ener gy i s
lar ger because ex ci t on s ar e t r app ed by im pur i t i es or

in t er ä e defect s [8] . Ba d-t o-ba d r ecom binat ion

can be ob ser ved even at ver y low t em p er at ur e pr ob-
abl y because t he exci t or- bind ing ener gy in Sam p le

C is ver y sm al l - Sim il ar ob ser vat ion has been m ade

in GaA s QW s ¹ . For Sam p le B , o- y one d ear ly r e-
sol vable peak i s obser ved t hr ou gh ou t t he ent i r e t em -

per atur e r ange. A l t hough i t i s ver y pr obab1e t hat
lum inescen ce at low t em p er at ur e i s due t o boun ded

ex eat ons, i t cannot b e cord n ¤- d by P L dat a alone.
I t shou ld be not ed , however , t hat at ar oun d 100 K
a shoulder devel op s in t he h igher en er gy si de of the

dom inant peak t hat event ua l y becom es t he dom -
Itant peak above 200 K . A gain , t h i s i s in t er pr et ed as
t he shif t i ng fr ont ex ci t orUc t o band-t o-ba d t r an si -
t-ion for the dom inant r ecom bin at i on pr ocess at M gh

tentPer at u r e. Smn p1e A show s pr onoun ced b oun ded-
exch¤ t eHa t s at low t em per at u r e- T he i ncr ease

in ex ch on b in din g ener gy i s est im at ed t o be abou t

8 nÄ V by pr oj ect ing t he fr ee ex ch on peak p osi t i on
front t he h i gh t em p er at ur e valu es w i t h t he cal cu lat ed

bands p depen dence on t em per at ur e. Com par ed t o

2 m eV est im at ed for Sam pl e C , t hi s l ar ger i ncr ease i s
expect-ed fr ont t he nar r ow wel l t h ickness in Sam ple

A . A l t hough th e ex act nat ur e of t hese bounded ex -

Fi lm -s w i l l r equ ir e m or e det ai led st u dies, t his cl ear ly

dem onst r at es t h at bi ndi n g ener gi es of boun ded exci -

t orts depend on t he well t h i ck ness. Fr ont t he above

obser vat ions- t he dot-t in g -t r ecom binat ion pr ocess
for t he sanu des under p r esent st u dy i s det en t-ined t o

be due t o boun ded ex ci t or-s for t em per at ur e below

100 K , and , a t least for Sau tp le B and C , fr ee ex ci t or-
bet ween 100 t o 200 K an d band-t o-ban d t r an si t i on s

above 200 K .

, é ´

/ - ¢

W e have invest i gat ed t h e ex ci t on i c t r ansi t i ons in

InG aA s com pr essi ve- st r ained QW s by absor p t ion
a d P L . Fr ont t he an aly si s of ab sor p t i on spect r a,

qu ant i t at i ve ex ci t or- p- m -et er s wer e est in-- ed as a
funct ion of wel l th ickness. Fr ont PL , i t was shown
t hat t he hu rtin g ca me char act er i st i cs ar e gr eat l y in-

Hueneed by wel l t hi ckn ess as weU as t em p er at ur e.
One On t¤ au t hor s (W .-Y . Chon wou ld l i ke t o t hank

D r . Em i1 K d el es for m er ly at G T E an d D r . Pad
Ga l lOvi d - at Po1ar oi d for m an y helpful di scussions.
T h is wor k was suppor t ed by Join t Ser v i ces E1eCH on-

i cs Pr ogr am t h ou gh t he M I T R esear ch L abor at or y
of Eh u m u s , Cont r act N o. D A A L 03-92-O001, an d
by D A R PA t hr ough t he N at iona1 Cent er for I nt e-

gr at ed Phot on ics T echn ol ogy, U SC Sub cont r act No.

542383.
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